Rab GTPases play key roles in the delivery, docking and fusion of intracellular vesicles. However, the mechanism by which spatial and temporal regulation of Rab GTPase activity is controlled is poorly understood. Here we describe a mechanism by which localized calcium release through a vesicular ion channel controls Rab GTPase activity. We show that activation of P2XA, an intracellular ion channel localized to the Dictyostelium discoideum contractile vacuole system, results in calcium efflux required for downregulation of Rab11a activity and efficient vacuole fusion. Vacuole fusion and Rab11a downregulation require the activity of CnrF, an EF-hand-containing Rab GAP found in a complex with Rab11a and P2XA. CnrF Rab GAP activity for Rab11a is enhanced by the presence of calcium and the EF-hand domain. These findings suggest that P2XA activation results in vacuolar calcium release, which triggers activation of CnrF Rab GAP activity and subsequent downregulation of Rab11a to allow vacuole fusion.
disruption of P2XA activity, and therefore calcium flux, affects vesicle fusion or some other event in the CV cycle, such as maturation or delivery. Finally, it is unknown how an ATP-gated ion channel could regulate a Rab-GTP-dependent process in a calcium-dependent manner at the molecular level.
RESULTS

Intracellular P2XA function requires ion channel activity
To determine whether P2XA ion channel activity is required for osmoregulation, mutations were generated that resulted in inactive (K67A/K289A), less active (R285K) or hyperactive (R63A) versions of P2XA when tested in HEK293 cells (Fig. 1a,b ). Next, gene-replacement Dictyostelium strains were generated in which the endogenous gene was replaced with wild-type or point-mutated versions and tested for osmotic shock defects. In each case, mutated receptors still localized to the CV ( Supplementary Fig. 2 ). However, the gene replacement strains exhibited clear differences in their ability to respond to osmotic shock, with responsiveness correlating very well with ion channel activity ( Fig. 1c,d ).
P2XA mutant cells exhibit aberrant CV system morphology
Previous studies have suggested that P2XA disruption results in a prolonged CV cycle with fewer fusion events 31 . We next sought to determine whether these defects were due to a failure in CV maturation, trafficking, tethering, pore formation or fusion. To address this, we first examined the morphology and dynamics of the CV system following hypo-osmotic shock in cells expressing dajumin-GFP, which labels the CV system throughout the cycle. These studies showed that the CV system was strikingly aberrant in P2XA mutant cells ( Fig. 2a and Supplementary Videos 1 and 2). Mutant cells contained many more vacuoles (Fig. 2b) , which were found not only at the bottom of the cell where it contacts the substratum, but unlike in wild-type cells, also throughout the cell (Fig. 2c ). Although many of these vacuoles seemed to be statically tethered to the plasma membrane, few fusion events were observed ( Fig. 2d,e ). Finally, the P2XA mutant vacuoles were typically smaller than wild-type vacuoles (Fig. 2f ). Live-cell imaging revealed that this was not due to a simple failure to mature to the correct size. Instead, normal-sized vacuoles did form but tended to split into multiple smaller vacuoles after prolonged periods of tethering ( Fig. 2g ).
P2XA is required for vacuoles to transition from tethered to fused states
As the P2XA mutant contains large numbers of vacuoles that are tethered but do not fuse, we next examined whether this might be explained by a failure to recruit, or correctly localize, factors required for vesicle maturation or fusion. First, we found that drainin (a marker for vesicle maturation and tethering) localized to all mutant vesicles even when very small ( Fig. 3a and Supplementary Videos 3 and 4). Second, Rab8-GFP, a marker normally only transiently recruited to mature vesicles just before fusion, localized to most mutant vesicles ( Fig. 3b and Supplementary Videos 5 and 6). In wild-type cells, tethered vesicles expressing drainin and Rab8 quickly undergo a dynamic rearrangement ('ring to patch' transition), which is required for recruitment of the pore formation complex and thus efficient fusion. Most notably, in wild-type cells, seconds after Rab8 was recruited to the vacuole, drainin disappeared from the site of contact with the plasma membrane, followed by a reciprocal enrichment of Rab8 at the point of plasma membrane contact. In contrast, in P2XA mutant cells, this 'ring to patch' rearrangement of drainin and Rab8 did not occur, thus providing an explanation for inefficient fusion (Fig. 3a,b ). From these observations, many P2XA mutant vacuoles therefore seem to be 'trapped' in a mature, membrane-tethered and fusion-competent state, yet are unable to undergo fusion.
P2XA activity is dynamically regulated during the CV cycle
The above genetic studies suggest that P2XA receptors function to promote vacuole fusion. As P2XA is present throughout the entire CV cycle ( Supplementary Fig. 4 ), we next investigated whether the temporal regulation of P2XA activity was consistent with its apparent function. For this, we developed a sensor for P2XA ion channel activity in which the calcium-sensitive GCaMP2 reporter is fused to the carboxy terminus of the P2XA receptor. As P2XA encodes a calcium-permeable ion channel, we reasoned that channel activation would result in a transient fluorescence increase. Indeed, an analogous system based on fluorescence resonance energy transfer has been successfully employed to monitor mammalian neuronal P2X receptor activation 36 . We found that when P2XA-GCaMP2 was expressed in HEK293 cells, the presence of the GCaMP2 tag did not affect the concentration-response curves for ATP ( Fig. 4a,b ). Furthermore, P2XA-GCaMP2 acted as a reporter for P2XA activity, because when changes in fluorescence were used to measure dose responses, measurements were similar to those achieved with electrophysiological recordings, and detectable at concentrations as low as 30 µM ATP ( Fig. 4c and Supplementary Fig. 4 ). Fluorescence imaging also revealed that these transient increases on stimulation with ATP fluorescence initially took place at the plasma membrane ( Fig. 4d , Supplementary Fig. 4 and Videos 7 and 8). Finally, fluorescence increases were dependent on ion channel activity as P2XA(K67A/K289A)-GCaMP2 showed no change on ATP stimulation ( Fig. 4e and Supplementary Fig. 4 ).
We next examined whether the P2XA-GCaMP2 fusion protein was fully functional in Dictyostelium cells. P2XA-GCaMP2 was found to specifically localize to the CV system ( Fig. 4g and Supplementary Video 9) and overexpression effectively rescued the P2XA-null osmoregulation defects ( Supplementary Fig. 5 ). Furthermore, in control experiments, GCaMP2 alone acted as an efficient calcium sensor in Dictyostelium cells ( Supplementary Fig. 5 ). On the basis of these findings, we used CV P2XA-GCaMP2 fluorescence to measure channel activity in vivo. P2XA-GCaMP2 fluorescence was measured at different CV stages: early, docked and during fusion. We found that fluorescence, and thus P2XA activity, was highest when CVs were docked or underwent fusion ( Fig. 4f ,g and Supplementary Videos 9 and 10). These changes in fluorescence were dependent on P2XA ion channel activity, because the inactive P2XA(K67A/K289A)-GCaMP2 mutant showed no increase in fluorescence ( Fig. 4f ,g and Supplementary Video 11). This also correlated with a failure of this strain to undergo the 'ring to patch' transition ( Fig. 4g and Supplementary Video 11). These findings provide further support for the idea that increases in calcium levels are required for CV fusion. Finally, they suggest that the changes in calcium levels that result in increased GCaMP2 fluorescence are due to calcium efflux from the vacuole through the P2X ion channel, rather than coincident increases in calcium levels in or around the CV at this stage. round up for 10-15 min and then regain their normal shape by 40 min. P2XA − cells (red) stay round throughout the entire time course. A paired t -test between P2XA − and wild-type cells revealed no significant differences at 0 and 10 min (P = 0.72) but showed significantly different (P < 0.0001) behaviour throughout the rest of the cycle. P2XA(R63A) cells (purple) initially round up; however, they fully recover their shape significantly more quickly than wild-type cells (P < 0.001 at 20 min). Both P2XA(R285K) (blue) and P2XA(K67A/K289A) (green) round up within 10 min, P2XA(K67A/K289A) remains round and is not significantly different from P2XA − cells throughout the cycle (P = 0.84). P2XA(R285K) is able to partially recover to an intermediate phenotype that is significantly different from both wild-type (P < 0.001 at 60 min) and P2XA − cells (P < 0.001 at 60 min). Error bars represent s.e.m. and results are means of n = 4 independent experiments, each with 70 cells. Statistical source data for b and d can be found in Supplementary Table 2 . 
P2XA is required to inhibit Rab11a activity
To gain insight into how P2XA activation affects CV fusion at the molecular level, we took a proteomic approach to identify candidate proteins regulated by P2XA. For this, tagged versions of P2XA were expressed in Dictyostelium cells and used to pull down interacting proteins, which were identified by mass spectrometry ( Fig. 5a and Supplementary Table 1 ). One major interacting protein was Rab11a ( Fig. 5b) . Consistent with previous studies 25 , Rab11a-RFP was localized to the CV system where it co-localized extensively with P2XA ( Fig. 5c ). Moreover, we found that clones that expressed high levels of Rab11a exhibited CV system defects similar to those observed when P2XA function was disrupted, with large numbers of small vacuoles adjacent to the plasma membrane ( Fig. 5d ). Furthermore, these clones showed severe defects in osmotic shock responses ( Fig. 5d ). Importantly, it is likely that these defects are due to changes in the level of Rab11a activation, because pulldowns on cell extracts with an antibody that is highly specific for activated Rab11a-GTP ( Supplementary Fig. 6 ) revealed that even though the ratio of active Rab11a-GTP/inactive Rab11a-GDP was the same in each clone, the absolute levels of activated Rab11a-GTP correlated well with the observed defects ( Fig. 5e ). On the basis of these observations, we reasoned that a simple explanation for the similarity in phenotype between the P2XA mutant and Rab11a-overexpressing clones is that P2XA is required to inhibit Rab11a activity. Consistent with this idea, pulldown assays using the Rab11a-GTP-specific antibody revealed that the ratio of bound active Rab11a-GTP/unbound inactive Rab11a-GDP was significantly increased in P2XA mutant cells ( Fig. 5f,g) . Consequently, P2XA mutant cells exhibited an almost 2.5-fold increase in the of levels Rab11a-GTP, which was comparable to increases in Rab11a overexpression sufficient to generate the same osmoregulation phenotype ( Fig. 5d-g ).
cnrF encodes a calcium-regulated Rab GAP required for Rab11a inactivation
As the P2XA ion channel is calcium-permeable, we reasoned that calcium passing through the activated channel could provide a regulatory mechanism for Rab activity regulation. We thus took a bioinformatic approach to identify putative calcium-sensitive regulators of Rab activity. Rab activity is controlled by the opposing actions of inactivating Rab GAPs and activating Rab GEFs. Whereas Rab GEFs remain poorly characterized, Rab GAPs can be identified by virtue of the conserved TBC domain. These studies resulted in the identification of a conserved family of proteins containing both a putative TBC Rab GAP domain and calcium-binding EF hands ( Supplementary Fig. 7 ). As the Dictyostelium genome encodes three such proteins, to determine whether any were involved in Rab11a regulation, single-gene-disruption strains were generated. Consistent with this idea, we found that knockout of one such gene, cnrF, resulted in osmotic shock and CV defects identical to those observed in P2XA-null mutant or Rab11a-overexpressing cells ( Fig. 6a-c ). Furthermore, gene-replacement strains in which the wild-type cnrF locus was replaced by versions containing specific point mutations that disrupt either GAP activity (R270A; ref. 37) or calcium binding by the EF hands (E623Q/D659Q; ref. 38) were indistinguishable from the null mutant in their osmoregulation phenotype (Fig. 6a-c ). Finally, disruption of cnrF activity, and point mutations that disrupt EF-hand function or Rab GAP activity, all led to a significant increase in the ratio of active Rab11a-GTP/inactive Rab11a-GDP ( Fig. 6d,e ). In contrast, cnrF overexpression led to a significant decrease in the ratio of Rab11a-GTP/Rab11a-GDP compared with wild-type cells ( Fig. 6d,e ).
The above results suggest that cnrF encodes a calcium-regulated Rab11a Rab GAP. To further investigate this idea we next measured the Rab GAP activity of bacterially expressed cnrF 22, 37 . First, we found that The ratio of GFP to RFP fluorescence was measured at three stages throughout the cycle (maturing, docked and ring-to-patch) for each strain (except cells expressing P2XA(K67A/K289A)-GCaMP2 receptors were not studied at ring-to-patch stage because these cells do not undergo that stage). The GFP/RFP ratio in cells expressing P2XA-GCaMP2 increased significantly at the later stages of the CV cycle (paired t -test between P2XA-GCaMP2/P2XA-RFP and P2XA-GFP/P2XA-RFP gives P < 0.001 at both docked and ring-to-path stages). In cells expressing P2XA9(K67A/K289A)-GCaMP2 or P2XA-GFP, the GFP/RFP ratio remained constant throughout the cycle (error bars represent s.e.m. and results are means from n = 10 cells). (g) Fluorescence images of Dictyostelium cells co-expressing P2XA-GCaMP2 and P2XA-RFP, P2XA-GFP and P2X-RFP or P2XA(K67A/K289A)-GCaMP2 and P2XA(K67A/K289A)-RFP during osmoregulation. Arrows indicate 'ring to patch' transition of P2XA and fusion events. Scale bar, 5 µm. Supplementary Table 2 . Uncropped images of blots are shown in Supplementary Fig. 8 .
CnrF exhibited GAP activity towards Rab11a, but not Rab8, another CV-localized Rab (Fig. 7a,b) . Second, the efficiency of GAP activity was greatly increased by the presence of calcium ( Fig. 7a-e ). Importantly, this calcium-dependent increase was dependent on the presence of the EF-hand domain (Fig. 7a,b) . It is noteworthy, however, that deletion of the EF hands did not completely eliminate GAP activity, as activity could be detected when a high concentration of truncated CnrF was added to the in vitro assay (Fig. 7a,b) . Therefore, calcium binding through the EF hand seems to play a crucial role in regulating the efficiency of cnrF Rab GAP activity. This idea was further supported by in vivo studies, because rescue of the cnrF mutant osmoregulation defects required much greater levels of exogenous expression of the EF-hand truncated version of cnrF, when compared with full-length cnrF (Fig. 8a) . Similar findings were observed when the EF-hand point mutant was expressed in cnrF mutant cells, although rescue was never seen with the Rab GAP domain point mutant, further highlighting the critical importance of Rab GAP activity for cnrF function (Fig. 8b) . Finally, although CnrF was not specifically localized to the CV (Fig. 8c) , both full-length and truncated CnrF interacted with P2XA and Rab11a in pulldown assays (Fig. 8d) in the presence and absence of calcium (Fig. 8e) . These findings suggest that CnrF exists in a protein-protein complex with Rab11a and P2XA, and that it is the Rab GAP activity, rather than the binding of CnrF to Rab11a, that is regulated by calcium ( Fig. 8f) . (e) Quantification of GTP-and GDP-bound Rab11a revealed that all mutant strains exhibit a significant (paired t -test P < 0.001) 2-2.5-fold increase in the levels of Rab11a-GTP compared with wild-type cells. Furthermore CnrF-GFP-overexpressing cells exhibit a reciprocal 2-fold decrease in GTP-bound Rab11a compared with wild-type (paired t -test P < 0.001) cells. Error bars represent s.e.m. from n = 3 independent experiments. Statistical source data for b and e can be found in Supplementary Table 2 . Uncropped images of blots are shown in Supplementary Fig. 8 . -c) , the presence of 20 mM calcium increases the rate of Rab11a hydrolysis by both 50 nM and 100 nM GST-CnrF 1-670 . These results suggest that calcium can increase the efficiency of Rab11a hydrolysis by GST-CnrF 1-670 at all GAP concentrations tested. Results are means of 2 independent experiments, each with 3 technical replicates. Statistical source data for a-e can be found in Supplementary Table 2 . Error bars represent s.e.m. and results are means of n = 3 independent experiments, each with 100 cells. Statistical source data for a and b can be found in Supplementary Table 2 . (c) cnrF:GFP expression in wild-type cells. Scale bar, 5 µm. (d) Rab11a and P2XA (but not Rab8a) bind GST-CnrF 1-670 or GST-CnrF 1-410 , but not GST-Rab GAP421 control (a related Dictyostelium EF-hand-domain-containing Rab GAP (DDB_G0275421)). (e) Rab11a binding to CnrF is not calcium dependent. Varying amounts of protein from cells expressing Rab11a:RFP were incubated with beads bound with GST-CnrF 1-670 or GST-CnrF 1-410 in 20 mM Ca 2+ or 100 mM EGTA. (f) Proposed model of P2XA-regulated vesicle fusion. Maturing vacuoles express P2XA, Rab11a-GTP and drainin. Once tethered, P2XA undergoes a 'ring to patch' transition so that P2XA is expressed only at the plasma membrane contact site. Concentration of P2XA activity leads to a localized increase in calcium ions as they pass through the active channel. Consequently, P2XA-bound CnrF is activated as Ca 2+ binds to the EF-hand domain on CnrF, leading to the hydrolysis and inactivation of Rab11a-GTP, and therefore inactivation of drainin at the plasma membrane contact site. Uncropped images of blots are shown in Supplementary Fig. 8 .
DISCUSSION
Precise regulation of the Dictyostelium CV cycle requires the correct spatial and temporal regulation of a Rab small GTPase cascade, as well as the activity of the CV-localized P2XA receptor ion channel. We show that activation of P2XA results in localized increases in calcium concentration, which activates a calcium-sensitive Rab GAP and in turn downregulates its target Rab11a, which is required for vesicle fusion with the plasma membrane (Fig. 8f) . Interestingly, earlier studies have revealed that Rab11a localization does not change on vacuole fusion 22, 23, 25 . However, the Rab11a-GTP specific binding protein, drainin, is removed from the membrane at the fusion site, as predicted by our model 22, 23 . Furthermore, expression of constitutively active Rab11a blocks this redistribution of drainin 22 . These findings suggest that the rate of Rab11a effector dissociation is faster than the rate of removal of inactivated Rab11a-GDP from the CV membrane. It is therefore likely that CV fusion requires a change in Rab11a activity at the site of vacuole fusion, but not redistribution of Rab11a itself, only its effector drainin. Thus, this study provides a mechanistic link between P2X ion channel activity and Rab-regulated vesicular trafficking.
Our data provide further evidence that P2X receptors can play a role in regulating intracellular events, in addition to their wellestablished role in regulating responses to extracellular ATP. However, it is important to note that P2X receptors are also expressed on intracellular membranes in some cell types of higher organisms 39, 40 . Furthermore, evidence is emerging to support their functional importance. For example, P2X4 receptors have been shown to localize to exocytic lamellar bodies, intracellular vesicles found within alveolar type II epithelial cells 39 . Expression of dominant-negative P2X4 in these cells has led to the suggestion that endogenous P2X4 is required to stabilize and expand the fusion pore to allow sufficient release of lung surfactant 39 , although the molecular mechanism has not been determined.
As the function of P2XA receptors in CV fusion requires intact ATP-binding residues, this raises the question of how channel activity is regulated. So far, only ATP has been shown to act as an efficient ligand for P2XA (ref. 34 ), although where the ATP comes from and how its levels are controlled are unknown. It does, however, seem likely that the ATP must come from the vacuole itself, rather than the extracellular space, as hypo-osmotic shock and activation of P2XA occurs when the cells are placed in water. Furthermore, the putative ATP-binding domain of P2XA has been shown to reside within the lumen of the CV (refs 35,41) . One possibility, therefore, is that ATP, although present throughout the CV cycle, acts as a permissive ligand that is able to activate the receptors only when the ionic conditions or pH encountered are optimal. Some support for this idea comes from our recent finding that the ionic and proton environment encountered by the ATP-binding domain (that is, that of the lumen of the vacuole) has a large effect on the level of P2XA activation 34 . Moreover, the CV contains a high concentration of proton pumps (V-type ATPases) 42 , and best estimates suggest that the vesicles may be acidified to pH 6.2 (ref. 43) . Under these conditions the P2XA channel is rapidly desensitized, and may remain so under conditions of continued acidification 34 . However, when the vacuole fills with water, the proton concentration would fall, possibly allowing ATP to better activate P2XA. Alternatively, regulation of ATP translocation could conceivably allow ATP levels to reach the threshold concentration for P2XA activation only when vacuoles are ready to fuse 35 . However, this raises more questions as to the exact concentration of ATP in the CV, and the identity of the ATP transporter.
Many studies have highlighted the importance of calcium in the regulation of vesicle fusion events. They have revealed that calcium is released from the vacuole lumen and that required changes are localized and fast. Indeed, measurements using the P2XA-GCaMP2 sensor described in this study reveal that the calcium concentration around the CV increases almost twofold before fusion. We estimate that this results in a localized calcium concentration of 100-200 nM, assuming basal cytoplasmic levels are 50-90 nM (ref. 44 ). However, in many systems, studies of the role of calcium changes have been hampered by the lack of available genetic tools. Most notably, identification of specific calcium channels responsible for release has proved elusive [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Our studies thus provide a significant advance as they reveal that activity of a calcium-permeable ion channel within vesicles can affect vesicle fusion. Most importantly, we have also demonstrated a molecular mechanism by which calcium efflux through ion channels can regulate Rab-dependent vesicle fusion events. Several lines of evidence suggest that this is likely to represent a conserved mode of action. For example, the key principles and regulatory components of different intracellular vesicular trafficking mechanisms are broadly conserved at the molecular level. Most importantly, sequence comparisons reveal that the genomes of higher organisms contain several homologues of the calciumdependent Rab GAP, CnrF ( Supplementary Fig. 8 ), which represent good candidates for ion channel or calcium-dependent regulation.
Understanding how the sequential activation of Rab GTPases is achieved during vesicle trafficking is a central question in cell biology. Several different solutions to this problem have been proposed. For example, in the Rab GEF cascade, activation of one Rab results in the recruitment of effectors, including the GEF for the downstream Rab 2, 45 . Counter cascades of Rab GAP recruitment serve to amplify the cascade 4, 6, 46 or prevent premature activation of the next Rab in the cascade 47 . However, this in turn raises the question of how regulatory Rab GEFs or Rab GAPs are activated at the right place and time.
Our studies thus provide one simple solution to this problem as they illustrate a mechanism by which a constitutively expressed Rab GAP can be temporally and spatially activated to correctly regulate the activity of one or more different Rabs to allow vesicle fusion.
METHODS
Methods and any associated references are available in the online version of the paper.
Note: Supplementary Information is available in the online version of the paper DOI: 10.1038/ncb2887
M E T H O D S
METHODS
Strains, culture and maintenance. Dictyostelium discoideum AX4 strains were grown and maintained in association with Klebsiella aerogenes or in HL5 axenic medium 48 . Transformants were selected in blasticidin (10 µg ml −1 ) or G418 (20 µg ml −1 ).
Plasmid construction.
For deletion of the P2XA and putative Rab GAP genes, a floxed blasticidin cassette was cloned within genomic fragments flanking the coding sequence of each gene. Linearized construct was transformed into AX4 cells by electroporation followed by blasticidin selection and confirmation of gene deletion by PCR. The blasticidin cassette was then removed by Cre recombinase. Point mutations in P2XA and cnrF were generated using Stratagene Quikchange site-directed mutagenesis methodology. Primers containing base substitutions were designed and used to amplify genomic DNA by PCR.
Primer sequences used for mutagenesis: ddP2XA R63A: 5 -ATCGGCAGCGTGG-CCACCAGCCTGAAGG-3 ; ddP2XA R285K: 5 -AGCATCCACAGCAAACTGCTC-TACAAGC-3 ; ddP2XA K67A: 5 -AGAACAAGTTTAGCGGGTCCAAATAC-3 ; ddP2XA K289A: 5 -AGATTACTTTATGCGCGTCATGGTATTCG-3 ; ddP2XA R63A: 5 -GGTTCTGTTGCGACAAGTTTAAAAGG-3 ; ddP2XA R285K: 5 -CCATGACGTTTATAAAGGAGCTTCGAATGAATAC-3 ; crnF EF hand1 E623Q: 5 -GATTTCACACAATTAATGTCTGG-3 ; crnF EF2 hand2 D659Q: 5 -CTCAAAGAGTCAAATGAAGTTAATG-3 ; crnF Rab GAP TBC R270A: 5 -GACAAAGACATATCAGCAACGTTCCCTGGC-3 .
Mutated genomic coding sequences were then cloned downstream of a floxed blasticidin cassette, and terminator sequences were cloned upstream. Linearized construct was then transformed into AX4 cells by electroporation followed by blasticidin selection and confirmation of gene mutation by PCR and sequencing. Mutated versions of P2XA were also cloned as C-terminal translational fusions into pDM324 (RFP fusion), or a modified version of pDM324 in which RFP was replaced with GCaMP2 (GCaMP2 fusion). For P2XA − rescue construct generation, the entire P2XA coding sequence was cloned as a C-terminal translational fusion into pDM323 (GFP) or pDM324 (RFP) and transformed into P2XA − cells. For cnrF − rescue construct generation, either the full-length coding sequence (residues 1-670), a truncated version that does not contain the EF hands (residues 1-410), the full length with point mutation R270A to disrupt GAP activity, or the full length with point mutations E623Q/D659Q to disrupt the EF hands was cloned as a C-terminal translational fusion into pDM323 (GFP) or pDM324 (RFP) and transformed into cnrF − cells. For overexpression of Rab11a, Rab11a CA , Rab11a DN and Rab8a, coding sequences were cloned as a C-terminal translational fusion into pDM323 (GFP) or pDM324 (RFP) and transformed into AX4 cells. dajumin-GFP and drainin-GFP constructs were provided by T. Soldati (University of Geneva, Switzerland) and Rab11a CA , Rab11a DN , GST-disgorgin and GST-Rab11a constructs by R. Firtel (UC San Diego, USA).
Electrophysiology. Point mutations were generated in P2XA (in pcDNA3.1) as described previously 31 for expression in HEK cells. For whole-cell patch clamp recordings, HEK293 cells were transiently transfected with 1 µg µl −1 mutated P2XA plus 0.1 µg µl −1 enhanced GFP (EGFP) using Lipofectamine 2000 (Invitrogen) in accordance with the manufacturer's instructions. Whole-cell patch recordings were made from HEK293 cells at room temperature (20-24 • C), 24-48 h after transfection. Cells were voltage-clamped at −60 mV, and membrane currents amplified with a HEKA amplifier running Pulse and PulseFit software (v 8.54; HEKA). ATP was applied using an RSC 200 system (Biological Science Instruments) for 2 s duration at 2 min intervals and concentration-response curves for ATP were generated using either an ascending or a descending order of concentration. All data were analysed using PulseFit and GraphPad Prism (GraphPad) software. Numerical data are presented as mean ± s.e.m. The extracellular solution contained (in mM): 145 NaCl, 2 KCl, 2 CaCl 2 , 1 MgCl 2 , 13 d-glucose and 10 HEPES at pH 7.3. For whole-cell recordings, the intracellular patch pipette solution contained (in mM): 145 NaCl, 10 HEPES and 10 EGTA, at pH 7.3.
Osmoregulation assay. Wild-type or mutant cells were initially maintained in HL5 growth medium on glass-bottomed imaging dishes before growth medium was replaced with distilled water. Adherent cells were imaged with an inverted Olympus IX71 microscope (63× objective); images were captured at 5-10 min intervals with Simple PCI software (C-Imaging Systems). Circularity was measured offline for 70-120 cells per time point using ImageJ software. Numerical data are presented as means ± s.e.m.
Fluorescence imaging. Cells expressing RFP and/or GFP constructs were maintained in glass-bottomed imaging dishes in HL5 growth medium at 22 • C.
Adherent cells were imaged with an inverted Olympus IX71 microscope (63× objective); images were captured at 1-min intervals with Simple PCI software (C-Imaging Systems). Cell fluorescence intensity was measured in ImageJ by measuring integrated density normalized to cell area. For measurements of GCaMP2 fluorescence during CV cycling, ImageJ software was used to select a region of interest around a CV; the total vacuole fluorescence for both GFP and RFP was then measured as described. GFP fluorescence was then normalized to RFP fluorescence.
Identification of P2XA-interacting proteins. For identification of interacting proteins, GFP-Trap (ChromoTek) was employed. A total of 3 × 10 7 cells expressing either GFP or P2XA-GFP were lysed in 250 µl buffer (50 mM Tris HCl, 0.5% Triton, 2 mM MgCl 2 and 150 mM NaCl, supplemented with protease inhibitor (Complete; Roche)). The lysate was centrifuged for 15 min at 16,000g and 75 µl of supernatant was incubated with 15 µl GFP-Trap agarose beads under slight agitation for 1 h at 4 • C. The beads were washed according to the manufacturer's protocol, and bound proteins were eluted by boiling in SDS sample buffer. Proteins were separated by SDS-PAGE and stained with Coomassie brilliant blue-R. For protein identification, bound proteins were run into the top of an SDS-PAGE gel, excised and then analysed en masse by in-house mass spectrometry using the Waters Q-TOF Micro with Waters CapLC chromatography system after overnight trypsination.
Rab11a-GTP measurement assay. Rab11a activity was measured in all strains using a conformation-specific antibody that specifically recognizes Rab11a-GTP (NewEast Biosciences catalogue number 26919). For in vitro precipitation of Rab11a-GTP, 1 µg bacterially expressed GST-Rab was incubated with 20 mM EDTA and either 100 µM GTP-γ S or 1 mM GDP for 30 min at 30 • C. GTP/GDP loading was stopped by placing the tubes on ice and adding 60 mM MgCl 2 . Reaction volume was adjusted to 1 ml with lysis buffer (50 mM Tris-HCl, at pH 8, 150 mM NaCl, 10 mM MgCl 2 , 1 mM EDTA and 1% Triton X-100) before incubating with 1 µl of anti-Rab11a-GTP antibody and 20 µl of protein A/G agarose (50% slurry) for 1 h at 4 • C with gentle agitation. Beads were washed three times in lysis buffer before elution of bound protein by boiling in 20 µl of 2X SDS sample buffer. Proteins were separated by SDS-PAGE and immunoblotted for GST using an anti-GST antibody (Abcam catalogue number ab6613). For in vivo precipitation of Rab11a-GTP, 1 × 10 7 cells expressing Rab11a-RFP were lysed in 1 ml lysis buffer (50 mM Tris-HCl, at pH 8, 150 mM NaCl, 10 mM MgCl 2 , 1 mM EDTA and 1% Triton X-100). Lysate was then incubated with 1 µl of anti Rab11a-GTP antibody and 20 µl of protein A/G agarose (50% slurry) for 1 h at 4 • C with gentle agitation. Beads were washed three times in lysis buffer before elution of bound protein by boiling in 20 µl of 2X SDS sample buffer. Proteins from input, bound and not bound fractions were separated by SDS-PAGE and immunoblotted for RFP using an anti-RFP antibody (Chromotek catalogue number 3F5). Anti-actin antibody (Santa Cruz Biotechnology catalogue number sc-47778) was used as a loading control for each sample. The ratio of bound Rab11a-RFP (Rab11a-GTP) and unbound Rab11a-RFP (Rab11a-GDP) was calculated for each clone after normalizing against the actin loading control. Densitometry analyses of western blots were performed in ImageJ. All blots analysed were in the linear range.
GST pulldown and GAP assays. GST-fused proteins were expressed in BL21(DE3) bacteria and purified on glutathione-Sepharose beads. GAP assays were performed as previously described 22, 37 . Briefly, 10 nM or 100 nM GAPs were incubated in the presence of 2.5 µM purified Rab pre-loaded with GTP. The amount of released inorganic phosphate was measured using the EnzChek Phosphate Assay Kit (Invitrogen) in 96-well plates according to the manufacturer's instructions. Changes in absorbance were measured at 360 nm using a BioTek Synergy HT plate reader. Five technical and three independent biological replicates were performed. For GST pulldowns from Dictyostelium cell lysates 22, 49 , AX4 cells expressing Rab11a-RFP, Rab8-RFP or P2XA-RFP were incubated at 4 • C for 1 h with 10 µg of GST-GAP bound to glutathione-agarose beads. After washing the beads three times, bound proteins were eluted by boiling in SDS sample buffer. Eluted proteins were run on SDS-PAGE gel and probed with anti-RFP antibody (Chromotek catalogue number 3F5).
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